Abstract -This paper presents a lumped parameter magnetic model for an interior permanent magnet (IPM) synchronous machine. The model accounts for the effects of saturation through a nonlinear reluctance element network used to estimate the q-axis inductance. The magnetic model used to calculate inductance and torque in the presence of saturation. Furthermore these calculations are compared to those from finite element analysis with good agreement.
IPM machines developed and utilized analytical methods for calculating the d-and q-axis inductances for the salient rotor structure focussing primarily on unsaturated models with discussions of saturation effects [ 1,2,3,4]. This paper presents an explicit nonlinear lumped parameter model that incorporates the effects of core saturation in the q-axis as defined in Figure 1 . It is assumed that the d-axis is largely unsaturated except at the structural rotor bridges where it is fully saturated at full load. The bridges join the main sections of the rotor core at the air gap to form a unitary lamination. Furthermore magnetic cross-coupling between the d-and qaxes is assumed to be negligible [3,5]. The model is flexible enough to consider some structural design variations while remaining suEciently tractable for repetitive design optimizations. The modeling and analysis techniques are intended for use in IPM machine design and optimization. Figure 1 shows a cross-section of one pole of a 12-pole IPM machine. In this configuration, each rotor pole contains two buried magnet segments that are magnetized across their shorter dimensions along the d-axis. The stator of the IPM machine is excited with polyphase balanced sinusoidal currents to produce the characteristic synchronously rotating mmf wave. The design methodology is applicable, and used, to evaluate designs of various pole numbers and stator slotting distributions. The analysis can also be extended to more magnet layers.
ELECTROMAGNETIC MODEL
We are primarily interested in calculating the electromagnetic torque produced by the IPM machine The d-and q-axis inductances are estimated using equivalent magnet circuits. First, the d-axis inductance is determined using ratios from an unsaturated q-axis inductance model. Then the saturated q-axis inductance is calculated from a nonlinear magnetic circuit model.
For the given rotor cross-section topology, the unsaturated q-axis magnetizing inductance, Lqm, can be calculated from the round rotor air gap inductance, Lag,
The q-axis inductance is then just the sum of the magnetizing component and the leakage term assume that the q-axis will saturate first, and that performance will be degraded when the d-axis starts to saturate outside the structural rotor bridges. For this analysis the constant, Lq, in Eqn. 1 is replaced by a nonlinear parameter, Lq (I,) , to model the saturation. Finite element analyses (FJZA) are often conducted to calculate the q-axis inductance or scaling factors to apply to an unsaturated inductance equation. The following paragraphs describe the method used to estimate the saturated q-axis inductance from the equivalent magnetic circuit shown in 
(7)
where i = 1,2,3 and eieach path at the air gap. This neglects stator saliency.
produce a reasonably accurate q-axis inductance prediction. The geometry is such that these parameters can change value significantly from point-to-point along a flux path in the region of one reluctance element in the magnetic circuit. This is particularly true for the rotor yoke elements. Using a combination of reasonable limits on the magnet cavity geometries the 4 and li values can be approximated by their average values in each section of the rotor. Such limits include forcing the narrowest cross-sectional area on the third rotor yoke path (elements with indices 'ry3') to be on the daxis s:ymmetry line, and forcing the two magnet cavities to be near to parallel. q3, in particular, is estimated by ignoring the be.ginning and ending thirds of the path and only is the angular span across Careful examination of the 4. and li values is necessary to calculating AV3 and lV3 where the cross-sectional area is smallest between the magnet and the rotor inner radius. The particular orientation of the stator teeth with respect to the rotor features is ignored. The flux entering them is treated by scaling with respect to the fraction of the slot pitch that is occupied by the tooth, at, as indicated in Figure 2 . 
INDUCTANCE AND TORQUE PREDICTIONS
To validate the model, the predictions are compared to FEA estimates for a candidate IPM machine design. Table 1 shows the machine specifications that were analyzed and that match the geometry shown in Figure 1. A comparison of the inductances and electromagnetic torque estimates from FEA and the lumped parameter model are shown in Figures 3 and  4 . Ansoft's Maxwell 2D-analysis software was employed for the FEA results. Though only one example is shown, these results have been achieved for a number of designs that have a rotor with two permanent magnet layers.
in Figure 3 agree near perfectly for the two methods: FEA and lumped parameter modeling. The FEA d-and q-axis inductances were calculated from the known winding Both the q-axis and d-axis inductance calculations shown characteristics and the stored energy in the mesh solutions for stator excitation on the d-and q-axes respectively. Note the inflection in the q-axis inductance curve for very low currents. This corresponds to an inflection in the BH curve for the material; MI9 steel for this case. For the range of current shown in the figure the total saliency ratio goes from a peak of 5.4 down to 3.1 at higher q-axis current. Though this is lower than other reported synchronous reluctance saliency ratios (up to a ratio of 8 for this structure) it should be noted that the machine studied here has a higher polecount, and it is analyzed with a saturating model, both of which contribute to a lower overall saliency ratio [ 1,2]. The FEA electromagnetic torque predictions in Figure 4 also corroborate the lumped parameter model calculations. For this result the RMS phase current is held constant, and the torque angle is swept through the range of interest. It should be noted, though, that this result does not show the torque ripple with respect to the slotting effects of the stator. The averaged lumped parameter model does not capture torque ripple, so for a meaningful comparison the tooth positioning for the FEA was chosen to approximately achieve the average torque produced at each torque angle.
IV. CONCLUSIONS
The nonlinear lumped parameter model produces accurate estimates of q-and d-axis inductances, and electromagnetic torque as evidenced by the FEA comparisons. The utility of the lumped parameter method is two-fold. The underlying magnetic circuit can be analyzed to easily investigate characteristics of a machine design such as heavy saturation in particular portions of the core. In this research, the primary benefit is that the lumped parameter design method is easily incorporated into design optimization programs that benefit from rapid solution methods.
